SUMMARY To identify the mechanisms by which molecular variation is introduced into developmental systems, microevolutionary approaches to evolutionary developmental biology have to be taken. Here, we describe the molecular and developmental characterization of laboratory strains of the nematode genus Pristionchus , which lays a foundation for a microevolutionary analysis of vulva development. We describe 13 laboratory strains of the Pristionchus genus that are derived from natural isolates from around the world. Mating experiments and ITS sequence analysis indicated that these 13 strains represent four different species: the gonochoristic species P. lheritieri and three hermaphroditic species, P. pacificus , P. maupasi , and an as yet undescribed species Pristionchus sp., respectively. P. pacificus is represented by five different strains isolated from California, Washington, Hawaii, Ontario, and Poland. Developmental differences during vulva formation are observed between strains from different species but also between strains of P. pacificus , like the strains from California and Poland. In particular, redundant developmental mechanisms present during vulva formation in P. pacificus var. California are absent in other strains. Amplified restriction fragment length polymorphism (AFLP) analyses of the P. pacificus strains revealed that the American strains are highly polymorphic. In contrast, the developmentally distinct strain from Poland is identical to the Californian strain, suggesting that the developmental differences rely on a small number of changes in developmental control genes rather than the accumulation of changes at multiple loci.
INTRODUCTION
Evolutionary developmental biology questions the phenotypic and morphological diversity generated during evolution (Raff 1996; Gerhard and Kirschner 1997; Hall 1998) . Most studies in this field focus on macroevolutionary processes by comparing members of different phyla or at least distantly related species of the same taxa with well-established morphological differences. Unfortunately, such macroevolutionary approaches cannot directly address the problem of variation (Stern 2000) . Which type of mutations generates evolutionarily important phenotypic variations? What type of molecular changes (i.e., changes of regulatory regions and/or protein coding regions) do they involve? Such questions can only be addressed by microevolutionary approaches involving the study of closely related species or even populations of the same species. Microevolutionary approaches in evolutionary developmental biology can identify the mechanisms by which molecular variation is introduced into developmental processes and how such variants are fixed at a population level (Stern 2000; Wray 2000) .
Free-living nematodes represent a group of organisms in which the extension from macro-to microevolutionary studies might be possible. The number of nematode species is prolific, and many of the free-living species are easily culturable in the laboratory. Also, the detailed understanding of developmental processes in the model organism Caenorhabditis elegans makes nematodes an attractive choice for comparative evolutionary studies (for review see Sommer 2000) . In particular, the invariant cell lineage and the reduced number of cells making up the organism allow developmental processes to be studied at a cellular level.
A developmental process studied in great detail in C. elegans is the development of the vulva, the egg-laying structure of nematode females and hermaphrodites (for review see Kornfeld 1997) . The vulva is a structure of the ventral epidermis, which consists of 12 precursor cells, called P (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) .p, in all studied nematodes (Fig. 1) . P(1-12).p form a lin-ear array of cells and adopt region-specific cell fates (Fig.  1A) . In C. elegans , the six central cells, P(3-8) .p, have the potency to form vulval tissue and are called the vulva precursor cells (VPCs) . However, in a wild-type animal, only P(5-7).p actually form vulval tissue by adopting one of two alternative cell fates (Fig. 1B) . P6.p, the central-most cell, generates eight progeny and forms the inner part of the vulva. P(5,7).p generate seven progeny each and form the outer part of the vulva. P (3, 4, 8) .p have an epidermal fate and do not participate in vulva formation under wild-type conditions. The different cell fates of P(3-8).p have been designated as 1 Њ , 2 Њ , and 3 Њ fates, respectively, because of their cell replacement capabilities: P (3, 4, 8) .p have the 3 Њ fate and can replace any of the more central cells. P(5,7).p have the 2 Њ fate and can replace P6.p, but do not replace P (3, 4, 8) .p. P6.p has the 1 Њ fate and does not replace any other cell.
Vulva formation is induced by a signal from the gonadal anchor cell (AC) (Fig. 1C ) (Kimble 1981) . If the AC, or the precursors of the AC, are ablated, no vulva is formed and all cells have a 3 Њ fate. Genetic and molecular studies indicated that at least four different signaling processes are involved in vulva formation (for review see Kornfeld 1997) . For example, the inductive signal from the AC is an epidermal growth factor-like molecule encoded by the gene lin-3 , which is transmitted in the vulva precursor cells by an EGFR/RAS/ MPK signal transduction pathway (Hill and Sternberg 1992) . A negative signal counteracts inappropriate vulva differentiation and involves the NURD complex (Lu and Horvitz 1998) . Lateral signaling among the VPCs requires the Notch -like molecule lin-12 (Greenwald et al. 1983 ). Finally, Wnt signaling regulates the activity of homeotic transcription factors during vulva induction (Eisenmann et al. 1998 ). Thus, the detailed molecular understanding of vulva formation in C. elegans provides a platform for the evolutionary analysis of this process (Fig. 1C) .
Evolutionary studies of vulva development were initiated by a series of cell lineage and ablation studies in several nematodes. This work revealed many evolutionary changes during pattern formation at the cellular level (for review see Sommer 1997a see Sommer , 2000 . To obtain a mechanistic insight into evolutionary alterations of developmental processes, Pristionchus pacificus was chosen as a satellite system to C. elegans . P. pacificus shows important differences in vulva development with respect to C. elegans and is amenable for genetic and molecular analysis (Eizinger et al. 1999) .
Cell fate specification during vulval development in P. pacificus differs from that in C. elegans in several ways ( Fig.  1D ) . First, in P. pacificus, nonvulval cells in the anterior and posterior body region undergo apoptosis, whereas the corresponding cells in C. elegans undergo cell fusion . Second, the size of the vulval equivalence group in P. pacificus is reduced in the anterior region as P(3,4).p also undergo apoptosis. Third, P. Pn.p cells (with "n" denoting cell number) are equally distributed between pharynx and rectum. (B) Cell fate specification in Caenorhabditis elegans. P(1,2,9-11).p fuse with the hypodermal syncytium hyp7 (white ovals, F). P(3-8).p form the vulva equivalence group and adopt one of three alternative cell fates. P (3, 4, 8) .p remain epidermal and have a 3Њ fate (speckled ovals). P(5,7).p have a 2Њ fate and generate seven progeny, which form part of the vulva (gray ovals). P6.p has the 1Њ fate and generates eight progeny, which form the central part of the vulva (black oval). The anchor cell (AC) (gray circle) is born dorsally to P6.p, induces vulva formation, and makes contact with the progeny of P6.p. (C) Schematic summary of signaling interactions during vulva formation in C. elegans. An inductive EGF-like signal originates from the AC (gray arrows). P6.p signals its neighbors to adopt a 2Њ fate via "lateral signaling" (black arrows). Negative signaling (black bars) prevents inappropriate vulva differentiation. (D) Cell fate specification in Pristionchus pacificus. P(5-7).p form the vulva with a 2Њ-1Њ-2Њ pattern. P8.p (checkered oval) does not form part of the vulva and has a special fate designated as 4Њ. See text for details. (E) Model for cell-cell interactions during vulva development in P. pacificus. P8.p provides a lateral inhibition to P(5,7).p, mediated by the mesoblast M (checkered circle; black bars). Lateral inhibition influences the 1Њ versus 2Њ cell fate decision of P(5,7).p. P8.p also provides a negative signal (black bars), which influences the vulva versus nonvulval cell fate decision. Lateral signaling occurs between P6.p and P8.p (not indicated) and perhaps also between P6.p and P(5,7).p (black dotted arrow). pacificus P8.p represents a new cell type and comprises several unique properties unknown in Pn.p cells from other organisms (Fig. 1E ) (Jungblut and Sommer 2000) . Finally, gonad ablation experiments in P. pacificus revealed that vulva formation relies on a continuous gonadal induction. Multiple cells of the somatic gonad are involved in vulva induction, which occurs over a time period of approximately 20 hours (Fig. 1E) (Sigrist and Sommer 1999) . In contrast, C. elegans vulval formation relies on induction by the AC, which induces vulval formation during a short time interval (Kimble 1981) . Taken together, multiple differences exist in the cell-cell interactions involved in vulva formation in these two nematode species.
Vulva development in P. pacificus , when studied at the genetic and molecular level, identified several changes in the function of homologous genes during the evolution of vulva formation. For example, the homeotic genes lin-39 and mab-5 , the nematode homologs of Deformed and Antennapedia , respectively, differ in their precise function between P. pacificus and C. elegans (Sommer et al. 1998; Eizinger et al. 1999) . Though the vulva is a homologous organ formed by homologous precursor cells in all nematodes studied, the exact function of genes changed during the course of evolution. The question as to how genes change their function during evolution can be addressed by two different approaches, namely experimental studies, in which the function of orthologous genes is tested in vivo, and comparative studies, which search for molecular variations among closely related populations/strains. Mechanistically, differences in the regulatory and/or the coding region could account for functional differences of homologous genes. In nature, however, the type, accumulation, and distribution of molecular variations in developmental control genes have to be investigated by comparing closely related species and strains of different natural isolates of the same species.
Here, we describe 13 strains of the nematode genus Pristionchus that provide a potential model system for the microevolutionary analysis of developmental processes. Mating and sequencing analysis indicates that these 13 strains belong to four different species. Developmental differences in vulva formation are observed between strains from different species and also between strains of P. pacificus . In particular, some of the developmental mechanisms that have a redundant function during vulva formation in P. pacificus var. California are absent from other strains and species. Finally, amplified restriction fragment length polymorphisms (AFLP) analysis indicated that most strains of P. pacificus are highly polymorphic among one another. However, a P. pacificus strain from Poland that shows most developmental differences to the Californian strain has an AFLP pattern identical to the one from P. pacificus var. California. These results suggest that the observed development differences rely on a small number of changes in developmental control genes rather than the accumulation of changes at multiple loci.
MATERIALS AND METHODS

Natural isolates
Laboratory strains of the different natural isolates were provided by several researchers as indicated in Table 1 . Strains have been named according to the region of isolation using the state or the country name. In most cases, it was impossible to determine if the laboratory strains were derived from a single animal or a group of animals. Thus, it is unclear if the laboratory strains represent the complete genetic diversity of the corresponding natural populations. To distinguish our laboratory models from populations in a strict ecological sense, we use the terminology "laboratory strain" or "strain."
The P. pacificus AF8130 strain from Ontario has only been used in ITS sequence and mating experiments. We decided not to use this strain for ablation and AFLP analysis because it was exposed to a mutagen by the original investigator before it was provided to us.
Nematode culture in the laboratory
Unless otherwise noted, C. elegans standard techniques have been used according to Wood (1988) and Epstein and Shakes (1995) . The maintenance of stocks has been described in and is basically as in C. elegans .
Mating experiments
Mating experiments were carried out by using five males from one strain and two hermaphrodites from another strain and counting the number of males in the F1 offspring. A large number of F1 males indicate the occurrence of cross-fertilization events. In mating experiments involving mutants, previously described autosomal recessive mutants were used . Five males of a particular strain were crossed with two mutant hermaphrodites and the generated wild-type F1 progeny were picked as one individual per plate. Their self-progeny include one-quarter mutant animals if all chromosome combinations between the two strains are viable.
PCR and sequence analysis
Part of the rDNA internal transcribed spacer region was amplified using polymerase chain reaction (PCR) using the primers IS 807 (forward), 5 Ј -GGGTGATAAACTTCATCTAAGGCT-3 Ј and IS 809 (reverse), 5 Ј -CTCAGGCATAGTTCACCATC-3 Ј . PCR products were sequenced directly using the internal primer IS 887, 5 Ј -GTT GACGAAACTGGCAGTTG-3 Ј . Although the strains of different species differ in their ITS sequence, all strains of the same species have identical sequence.
Cell ablation experiments
Cell ablation experiments were carried out using standard techniques described for C. elegans in Epstein and Shakes (1995) and using a "Laser Science" dye laser of the type described by Avery and Horvitz (1987) . Animals were placed on a drop of M9 buffer and placed on a pad of 5% agar containing 10 m m sodium azide as anesthetic. All ablation experiments were carried out 0-1 hour after hatching of the larvae (20 Њ C). The cell ablation data were calculated as percentage frequency and were statistically tested using the 2 test.
Cell lineage characteristics and cell fate terminology
The different cell fates of the VPCs are distinguished using the terminology 1 Њ , 2 Њ , 3 Њ , and 4 Њ for cell fates, and T (transversal), L (lon-gitudinal), N (nondividing), and O (oblique) for cell division patterns (Sternberg and Horvitz 1986; Sommer and Sternberg 1995) . During normal development, P6.p has the 1 Њ fate and generates six progeny with the cell division pattern TNNT. The two "N" cells (P6.pap and P6.ppa), which do not divide (in contrast to C. elegans ), attach to the AC. P(5,7).p have a 2 Њ fate and generate seven progeny each, with a cell division pattern LLLN (for P5.p). After ablation of other VPCs, an isolated 1 Њ and an isolated 2 Њ cell can be distinguished from one another by several cell lineage characteristics. In the intermediate four-cell stage (after two rounds of cell divisions of a VPC) of a 1 Њ cell, the AC moves between the two central cells P6.pap and P6.ppa. In the final six-cell stage, the cells are located symmetrically around the AC. In the four-cell stage of a 2 Њ cell, the AC does not move between the central Pn.pxx cells. When the invagination is formed, the distribution of the seven progeny is asymmetric and variable with respect to the AC. VPCs that remain epidermal in the absence of vulva induction were designated as 3 Њ . The fate of P8.p was designated as 4 Њ based on the observation that this cell loses its competence to form vulval tissue during early larval development. In addition to the 2 Њ and the 1 Њ fate, we use the fate designation "D" in P. pacificus . "D" refers to Pn.p cells that differentiate ectopically in mutants or to single Pn.p cells that differentiate after the removal of the somatic gonad Jungblut and Sommer 2000; Sigrist and Sommer 1999) . Cells with a "D"-fate have a 2 Њ -type or hybrid lineage and generate between six to eight progeny.
AFLP analysis
Nematodes were grown on a lawn of Escherichia coli OP50 and harvested from plates by washing them in M9 medium. We used starved worm cultures to avoid contamination of nematode DNA with bacterial DNA. Worms were washed at least five times at hourly intervals, centrifuged at 2000 rpm for 2 min, and subsequently frozen overnight. Frozen pellets were ground using a pestle and mortar, and genomic DNA was isolated using an AquaPure Genomic DNA Isolation Kit (BioRad, Richmond, CA, USA) as per manufacturer's instructions.
AFLP fingerprinting was performed according to manufacturer's instructions (AFLP Small Genome Primer Kit Cat. #10719-011, Life Technologies [Bethesda, MD, USA]) using a Perkin-Elmer (Oakbrook, IL, USA) 9600 thermal cycler. Genomic DNA (250 ng) was digested with MseI and EcoRI restriction enzymes and ligated with the provided adapters. Preselective amplification (20 cycles) was performed with a MseI primer containing one selective nucleotide (Nϩ1) and an EcoRI primer containing no selective nucleotide (Nϩ0). The amplification cycle profile was 30 sec at 94ЊC, 60 sec at 56ЊC, and 60 sec at 72ЊC. The preamplification step is important to increase the specificity and reproducibility of the fingerprinting bands (Vos et al. 1995) . Selective primers had two additional nucleotides for EcoRI (Eϩ2) at their 3Ј end and three additional nucleotides for MseI (Mϩ3). EcoRI primers were labeled with 33 P. The selective amplification was performed as follows: 30 sec at 94ЊC, 30 sec annealing step (temperature see below), and 30 sec at 72ЊC for a total of 36 cycles. The annealing temperature in the first cycle was 65ЊC and was subsequently reduced by 0.7ЊC for 12 cycles, and continued for the remaining 23 cycles at 56ЊC. The resulting PCR products were separated on a 5% denaturing polyacrylamide gel using a SequiGen 38 ϫ 50 cm gel apparatus (BioRad Laboratories). Electrophoresis was performed at constant power, 80 W, for approximately 3 h. After electrophoresis, gels were dried on a 3 mm Whatmann (Hillsboro, OR, USA) paper and exposed to X-ray films for 18 h at Ϫ70ЊC.
Among 64 primer combinations tested, the following 18 were used for character analysis:
For each strain, the presence or absence of a DNA fragment was scored as a binary character, and DNA fingerprints were converted to a matrix of similarity values (F) using the formula F ϭ 2Nxy/(Nx ϩ Ny), where Nx ϭ number of fragments present in genotype x, Ny ϭ number of fragments present in genotype y, and Nxy ϭ number of fragments present in gentoypes x and y (Nei and Li 1979) . Only reproducible strong bands were taken into account for this analysis. 
RESULTS
Biogeography of the genus Pristionchus
To study the evolution of developmental processes at a microevolutionary level in the Pristionchus genus, one needs an insight into the biogeography of Pristionchus and the developmental and biological parameters/characters of the different strains. Over the years, natural isolates of Pristionchus from three different continents, Europe, North America, and New Zealand, respectively, were collected, and laboratory strains from these isolates were established (Fig. 2, Table 1 ). Strains were assigned as members of the Pristionchus genus based on morphological parameters. Except for the gonochoristic strain, Pristionchus lheritieri, all other strains are hermaphroditic. Some of them generate males under stress conditions, like elevated temperature or low food conditions. Most strains have a brood size of around 80-150 progeny and their life cycle is between 4 and 5 days (20ЊC) ( Table 1) .
Previous analysis indicated that strains of two hermaphroditic species, P. pacificus PS312 and P. maupasi RS104, are morphologically indistinguishable (F. v. Lieven and Sudhaus 2000) . Therefore, we used mating experiments and molecular sequence analysis of parts of the rDNA internal transcribed spacer region to distinguish between closely related strains (Fig. 3) . The four North American strains, viz. California (PS312), Washington (PS1843), Ontario (AF8130), and Hawaii (JU138), and the European strain RS106 from Poland have identical ITS sequences, indicating that they represent different isolates from Pristionchus pacificus (Fig. 3) . Males from any of these five strains can be successfully mated with hermaphrodites from any other strain. Males from other P. pacificus strains when crossed into morphological mutants of the Californian strain gave rise to cross-progeny with the expected Mendelian frequency, indicating that all genotypic combinations of these strains are completely viable (data not shown). To summarize, the mating and sequencing data indicate the existence of five different laboratory strains of P. pacificus, representing independent isolates, four from North America and one from Europe.
Sequence analysis revealed that all other hermaphroditic strains represent members of two different species (Fig. 3) . Also, crosses between P. pacificus males and hermaphrodites of the other strains did not give rise to cross-progeny. The three European strains SB286, SB260, and SB171 and the two strains from Vancouver Island (KR2984 and KR2985) have identical ITS sequences. However, we have been unable to obtain positive mating results because most of these strains do not generate males un- Table 1 for list of researchers that provided us with the laboratory strains.
der stress conditions. The only European strain generating males, SB171, did not generate fertile cross-progeny when crossed with hermaphrodites of SB171 itself or any other strain (data not shown). Nonetheless, based on ITS sequence data, these five strains represent members of a new species, Pristionchus sp.
The strains RS104 from Germany and RS139 from New Zealand have identical ITS sequences, which differ from the sequences of all other strains. In earlier studies RS104 was designated as Pristionchus maupasi (Sommer 1997b; Sigrist and Sommer 1999; F. v. Lieven and Sudhaus 2000) . Because neither strain generated males under laboratory conditions, we were unable to perform mating experiments.
The gonochoristic strain Pristionchus lheritieri (SB245) represents a fourth species that differs in its ITS sequence from all other analyzed strains (Fig. 3) . Also, males of P. lheritieri do not give rise to cross-progeny with hermaphrodites of any other strain. Taken together, phylobiogeographic analysis of the Pristionchus genus indicates that the hermaphroditic strains from North America, Europe, and New Zealand represent three different species, Pristionchus pacificus, Pristionchus maupasi, and a yet undescribed species Pristionchus sp. Species are not separated geographically, a phenomenon also known for other nematodes, like C. elegans (Sudhaus and Kiontke 1996) . Phylogenetically, the ITS sequence analysis suggests that P. lheritieri represents an ancestral species of the genus. However, using the maximum parsimony method the exact relationship between the three hermaphroditic species P. pacificus, P. maupasi, and Pristionchus sp. cannot be resolved and awaits further analysis (Fig. 4) .
Pristionchus species and strains differ in their cellcell interactions during vulva formation
Cell fate specification during vulval development in P. pacificus differs from that in C. elegans in several ways (Figs.  1B, 1D ) . First, nonvulval Pn.p cells in the anterior and posterior body region fuse with the surrounding hypodermis in C. elegans, but die of apoptosis in P. pacificus. Second, the vulva equivalence group consists of the six cells P(3-8).p in C. elegans, but only of four cells P(5-8).p in P. pacificus. Third, P8.p is a normal vulval precursor cell (VPC) in C. elegans, but has special properties in P. pacificus (Jungblut and Sommer 2000) . Comparative studies among representative species of the Diplogastridae, the family to which P. pacificus belongs, indicated that the first 4 . Phylogenetic relationship of the four species of the Pristionchus genus based on the ITS sequence analysis using the maximum parsimony method (PHYLIP, version 3.57c). The relationship between Pristionchus sp., P. pacificus, and P. maupasi is not resolved.
two fate specification aspects, apoptosis of anterior and posterior Pn.p cells and a reduced size of the vulva equivalence group, are common to all studied species of this taxon (Sommer 1997b). In contrast, the fate of P8.p differed among species of the Diplogastridae. For example, in strains of the genera Diplogasteroides and Koerneria P8.p is a normal VPC (Sommer 1997b) .
When considered in detail, P. pacificus P8.p shows three special properties. First, P8.p is unable to form vulval tissue in response to gonadal signaling after ablation of the anterior neighbors P(5-7).p, but can respond to lateral signaling by P6.p (Table 2) . Second, P8.p influences the cell fate decision of P(5,7).p upon gonadal induction. After ablation of P(6,7).p, P5.p had a 2Њ cell fate in 88% of the animals in the presence of P8.p (Table 2 ). In contrast, if P(6-8).p were ablated, an isolated P5.p had predominantly a 1Њ fate. We have referred to this interaction as "lateral inhibition" (Jungblut and Sommer 2000) . Third, P8.p provides a negative signal for vulva development. If Z(1,4) and P8.p were ablated together at hatching in P. pacificus, approximately 20% of the VPCs differentiated and formed vulvalike structures in an unorganized manner (Jungblut and Sommer 2000) . In contrast, no vulva differentiation was observed when only Z(1,4) were ablated (Table 2). Thus, P. pacificus P8.p counteracts gonad-independent vulva differentiation and thereby prevents inappropriate vulva differentiation (Fig. 1E ). Negative signaling is also known from C. elegans, but is not localized to specific cells (Fig. 1C) (for review see Kornfeld 1997; Lu and Horvitz 1998) .
Previous work indicated that P. pacificus PS312 and P. maupasi RS104 differ in at least one aspect of vulva formation. When Z(1,4) were ablated at hatching in P. maupasi RS104, 12 of 27 (44%) VPCs differentiated in the absence of a gonad (Table 2) (Sigrist and Sommer 1999) . However, no normal vulva is formed after gonad ablation, and the VPCs differentiate in a random fashion (Table 2) . Similar results have been obtained in P. lheritieri SB245: after ablation of Z(1,4), gonad-independent vulva differentiation has been observed in 63% of the VPCs (Table 2) . One explanation for these observations could be that vulva induction by the somatic gonad might start already during late embryogenesis in P. maupasi and P. lheritieri. Alternatively, P. pacificus and P. maupasi/P. lheritieri might differ in negative signaling by P8.p.
Given the observed difference between P. pacificus PS312 on the one hand and P. maupasi RS104 and P. lheritieri SB245 on the other hand after Z(1,4) ablation, we asked whether the cell-cell interactions among the VPCs would also differ between the Pristionchus species. To test the competence of P8.p, P(5-7).p were ablated in strains of different species. P. maupasi RS104 P8.p had an epidermal fate after ablation of P(5-7).p, like in P. pacificus PS312 (Table 2 ). In contrast, if P(5-7).p were ablated in P. lheritieri SB 245, P8.p had a 2Њ fate and formed vulval tissue in 50% of the animals (Table 2). Thus, in P. pacificus and P. maupasi, P8.p is incompetent to adopt a vulval fate in the absence of P(5-7).p, whereas in P. lheritieri P8.p is competent to do so. These results suggest that the competence of P8.p evolved within the Pristionchus genus. However, it remains unknown which property of P8.p represents the ancestral character state, as the proper outgroup for the complete Pristionchus genus is not known (Fig. 4) (F. v. Lieven and Sudhaus 2000) .
To determine if lateral inhibition is present in other Pristionchus species, P(6,7).p were ablated immediately after hatching. Like P8.p competence, lateral inhibition also evolved within the Pristionchus genus. In 74% of P. maupasi RS104 animals, P5.p had a 1Њ fate in the presence of P8.p, whereas P5.p had a 2Њ fate in the remaining 26% of the animals ( Table 2 ). In contrast in P. pacificus PS312, P5.p had the 2Њ fate in 88% of the animals (P Ͻ 0.0001, 2 test). These results suggest that P. pacificus PS312 and P. maupasi RS104 differ from one another with respect to lateral inhibition. Based on the ITS sequence data P. pacificus and P. maupasi are the two most closely related species of the genus. Therefore, it remains unknown if the presence or the absence of lateral inhibition represents the ancestral character state in the Pristionchus genus.
We repeated the same ablation experiment in P. lheritieri SB245, which can be considered as an outgroup for P. pacificus and P. maupasi (Fig. 4) . In 54% of P. lheritieri SB245 animals, P5.p had a 2Њ fate after P(6,7).p ablation, whereas P5.p had a 1Њ fate only in 46% of the animals (Table 2 ). In contrast to P. pacificus and P. maupasi, P8.p in P. lheritieri had a vulva fate itself in 46% of the animals. This result is in agreement with the observed competence of P8.p after P(5-7).p ablation (Table 2) . We speculate that the competence of P8.p and lateral inhibition might be related phenomena: the incompetence of P8.p to adopt vulval fate in the absence of other VPCs might represent a prerequirement for lateral inhibition.
These observations of P8.p competence, lateral inhibition, and negative signaling indicate that the Pristionchus species differ from one another in their P8.p properties. These results allow two major conclusions. First, the developmental mechanisms underlying these properties of P8.p most likely evolved within the Pristionchus genus. Second, most of the studied properties of P8.p evolved independently from one another, as a distinct pattern has been observed in P. pacificus, P. maupasi, and P. lheritieri, respectively. It should be noted that lateral inhibition is a redundant mechanism of vulva cell fate specification in P. pacificus. After ablation of P8.p, P(5-7).p form a functional vulva with a normal 2Њ-1Њ-2Њ pattern. These results also show that negative signaling by P8.p has a redundant function (Jungblut and Sommer 2000) .
We further compared the different strains of P. pacificus to study how these different developmental properties evolved. Geographically, the Poland strain RS106 is widely dispersed from the strains of North America. The Z(1,4) and P(6,7).p ablation experiments in RS106 showed some differences to PS312. After ablation of Z(1,4), gonad-independent vulva differentia-tion was observed in 8 of 19 animals (Table 2) . Specifically, 12 of 57 (21%) of the VPCs differentiated in these animals. If P(6,7).p were ablated in RS106, P5.p had a 2Њ fate in 64% of animals and a 1Њ fate in 36% of animals, a result that is not significantly different from PS312 (P Ͻ 0.08, 2 test) ( Table 2) . P. pacificus JU138 from Hawaii and PS1843 from Washington also show some differences to PS312 from California. After ablation of Z(1,4), 7 of 72 (10%) VPCs differentiated in PS1843 and 10 of 63 (16%) VPCs in JU138 (Table 2 ). The gonad-independent differentiation of both strains is lower than in RS106 and RS104, but still much higher than in PS312 where no differentiation was observed (Table 2) . Do these strains also differ from PS312 with respect to lateral inhibition? After P(6,7).p ablation, P5.p had a 2Њ fate in eight of eight JU138 animals (100%) ( Table 2 ). Thus, JU138 shows lateral inhibition in a way similar to PS312.
Taken together, these results suggest that not only the closely related species but also the different strains of 
P. pacificus differ in their exact developmental properties. Most surprising are the differences with respect to gonadindependent vulva differentiation: the Californian strain PS312 is the most extreme strain of the Pristionchus genus, as all other strains show some gonad-independent vulva differentiation. Most likely, the developmental mechanism that distinguishes P. pacificus PS312 from all other strains with respect to gonad dependence of vulva differentiation evolved in the lineage, giving rise to P. pacificus PS312 (Fig. 4) .
The strains from California and Poland have an identical AFLP pattern
The described cell ablation experiments indicate that the laboratory strains derived from different natural isolates of P. pacificus differ in their developmental properties during vulva formation. Theoretically, these differences could result either from molecular variations in a small number of developmental control genes or from the accumulation of molecular differences at multiple loci. To distinguish between these two hypotheses, we used amplified restriction fragment length polymorphism (AFLP) analysis for the strains from California, Washington, Hawaii, and Poland (see Materials and Methods for technical details). Using 64 primer combinations, a total of approximately 4000 bands were obtained and 1115 of these bands were used as characters to study the genetic relationship between the four strains (Fig. 5, Table 3 ). The three American strains of P. pacificus differ substantially from one another. However, the developmentally most distinct strain RS106 from Poland has an AFLP pattern that is identical to the one from P. pacificus var. California (Table 3) . These results suggest that the developmental differences observed between the strains from California and Poland result from molecular variations at a small number of developmental control genes.
The American strains show a high degree of polymorphism. Specifically, 68% of the characters studied are polymorphic (Table 3 ). The Californian strain shares only 368 of its analyzed 630 characters with the Washington strain and 349 characters with the Hawaiian strain ( Table 3 ). The high level of polymorphism between the strains from California and Washington confirms an earlier study that revealed high levels of RFLPs between both strains (Schlak et al. 1997) . In contrast, the Hawaiian strain shares 466 of its analyzed 669 characters with the Washington strain (Table 3) . Such polymorphisms can be very useful in future mapping studies.
DISCUSSION
We studied the genetic and developmental relationship between 13 different nematode strains of the Pristionchus genus. Developmental differences during vulva formation were observed between different species and some of the strains of P. pacificus. Thus, Pristionchus provides a model system for the microevolutionary analysis of developmental processes. The work described here provides the first evidence of microevolutionary changes by (1) providing species designations based on ITS sequence and mating experiments, (2) describing a species-specific and in some cases strain-specific pattern of the P8.p properties, and (3) describing the genetic relationship among four strains of P. pacificus by AFLP analysis.
ITS sequences suggest the existence of at least four different Pristionchus species
Until recently, the phylogenetic relationship among strains and species in the Pristionchus genus was unknown. F. v. Lieven and Sudhaus (2000) provided a comparative and functional analysis of the morphology of the buccal cavity of 21 species of the Diplogastrina and generated a first outline of the phylogeny of this taxon. They compared three different species of Pristionchus (P. pacificus, P. maupasi, and P. lheritieri) , all of which are indistinguishable by morphological criteria (F. v. Lieven and Sudhaus 2000) . The 13 strains analyzed in this study fall into four distinct species, the three mentioned above and a so far undescribed species. The three hermaphroditic species are all represented by more than one strain. Also strains were found in different continents, suggesting that these species have a diverse (maybe even cosmopolitan) distribution. Similar observations have been made for the hermaphroditic species in the genus Caenorhabditis, like C. elegans and C. briggsae (Sudhaus and Kiontke 1996) .
Preliminary evidence suggests that all gonochoristic Pristionchus strains belong to P. lheritieri (Andrassy 1984) . There is no instance in the nematode literature that gonochoristic species evolved from hermaphroditic or parthenogenetic species, whereas there is ample evidence for evolutionary transformations in the opposite direction (Osche 1954; Sudhaus 1976) . It should be noted, however, that the phylogenetic reconstruction based on the ITS sequences of the four different species cannot resolve the branching between the hermaphroditic species P. pacificus, P. maupasi, and Pristionchus sp., respectively, but supports P. lheritieri as an early branch of the genus (Fig. 4) . This finding is of importance, as the properties of P8.p differ among strains of these species. Given this phylogenetic relationship, future developmental and molecular work can concentrate on P. pacificus and P. maupasi. At the same time, P. lheritieri represents an outgroup for the comparison between P. pacificus and P. maupasi.
To address the phylogenetic relationship among Pristionchus strains in more detail, additional nematode sampling has to be carried out. Most likely, there are more than three hermaphroditic species described here. As no morphological differences were observed between the first three analyzed species (F. v. Lieven and Sudhaus 2000) , only molecular studies including molecules other than the ribosomal spacer region can provide new insight into the exact phylogenetic relationship among Pristionchus species. Additional morphological and molecular studies are needed to indicate which group of the Diplogastridae represents the proper outgroup for the Pristionchus genus. Detailed cell ablation studies in this outgroup taxa can then help define the direction of evolutionary change among the Pristionchus species.
Redundant aspects of vulva formation differ within and between Pristionchus species
Here we show that some aspects of vulva formation differ between P. pacificus PS312, P. maupasi RS104, and P. lheritieri SB245 (Table 2 ). The competence of P8.p to adopt vulval fate in the absence of P(5-7).p is present in P. lheritieri SB245, but absent in P. pacificus PS312 and P. maupasi RS104. In contrast, lateral inhibition is present in P. pacificus PS312, but absent in P. maupasi RS104. Furthermore, P. pacificus PS312, P. maupasi RS104, and P. lheritieri SB245 might differ with respect to negative signaling. Thus, the properties of P8.p differ among the analyzed species, indicating that they evolved within the Pristionchus genus. At the same time, the evolution of P8.p is completely independent from other aspects of vulval evolution. For example, the size of the vulva equivalence group and the cell fate of the nonvulval ventral epidermal cells (fusion versus cell death) differs between P. pacificus and C. elegans, but is similar in Pristionchus species and other members of the Diplogastridae (Sommer 1997b) .
The results described in this study also suggest that at least some of the properties of P8.p evolved independently from one another. Phylogenetic projection of the characters of P8.p does not clearly support the direction of character evolution within the Pristionchus genus (Fig. 4) . However, there are two exceptions where the order and direction of change might be inferred. First, the incompetence of P8.p to adopt vulval fate after P(5-7).p ablation might represent a prerequirement for the evolution of lateral inhibition. Further support for such a relationship could come from genetic analysis (i.e., if mutations would always affect the competence of P8.p and lateral inhibition together). Second, gonad-independent vulva differentiation is to a certain degree observed in all strains analyzed so far, except for P. pacificus PS312. Most likely, a genetic alteration resulting in the complete gonad dependence of vulva differentiation occurred within the lineage of P. pacificus, in particular in the branch giving rise to PS312 (Fig. 4) . To study the direction of the evolutionary transitions in greater detail, more species of the Pristionchus genus have to be studied and, most importantly, the outgroup has to be defined. It should be noted that microevolutionary variations were also observed after gonad ablations in the genus Panagrolaimus (Félix et al. 2000) .
Previous studies in P. pacificus indicated that lateral inhibition and negative signaling represent functions that are redundant with other signaling processes (Jungblut and Sommer 2000) . Thus, one important finding of this study is that (Tautz 1992; Thomas 1993) . Redundancy has also been documented in C. elegans vulva formation: inductive and lateral signaling act redundantly during the 2Њ-1Њ-2Њ specification of P(5-7).p (Kenyon 1995) . It has been argued that once it exists, redundancy might account for evolutionary novelty (Jungblut and Sommer 2000) . An interaction that is redundantly involved in a developmental process can evolve and take over new functions. However, such considerations can only explain the rapid divergence of developmental mechanisms once redundancy has been established, whereas they cannot directly address the question as to how redundancy evolves in the first place.
To study the evolution of redundancy itself, closely related species have to be compared to identify developmental differences in redundant specification mechanisms. Once the molecular mechanisms of P8.p competence, lateral inhibition, and negative signaling in P. pacificus have been identified, a comparison among P. pacificus, P. maupasi, and P. lheritieri can indicate how the redundant mechanisms evolved. Ultimately, such studies have to be taken to the population genetic level so that differences between populations/strains of the same species can be compared. P. pacificus might provide such a system, as some of the developmental differences as the one observed between P. pacificus PS312 and P. maupasi RS104 can also be found between P. pacificus PS312 and RS106. Such variation might help elucidate the evolution of redundancy.
Generally, it has been suggested that the evolution of redundancy might provide canalization (Gibson and Wagner 2000) . Theoretical models have been proposed that can explain how genetic redundancy evolves (Nowak et al. 1997) . In many cases, redundancy might originate from gene duplications, but a recent study demonstrates that unrelated genes can also act in a redundant fashion (Molin et al. 2000) . Eventually, the combination of theoretical and experimental studies can help elucidate the still vague role that redundancy might play in evolution.
AFLP and developmentaml characters evolved independently in P. pacificus Given the rapid dispersal of free-living nematodes, geographic distribution alone cannot indicate the genetic relationship among different strains of the same species. Given the developmental differences among Pristionchus species and strains, we wanted to determine if similar variations are observed at the molecular level. The comparison of the four strains of P. pacificus by AFLP analysis indicates a high degree of polymorphisms among the three American strains. The amount of polymorphisms observed by AFLP is in agreement with a previous study indicating the existence of high levels of RFLPs between the strains from California and Washington (Schlak et al. 1997) . Furthermore, the AFLP analysis shows that the largest genetic variation exists between the strains from California on the one hand and Washington and Hawaii on the other hand (Table 3) . Most surprisingly, however, the strain from Poland is identical to P. pacificus var. California, despite their developmental differences. This result suggests that the observed developmental variation results from molecular changes in a small number of developmental control genes not detectable by AFLP rather than the accumulation of molecular variation at multiple loci.
In recent years, polymorphisms among strains of the same species became a very important tool in genomic analysis. For example, polymorphic markers can facilitate the cloning of mutations if the polymorphic strains can be crossed. The similarity values of the P. pacificus strains obtained by AFLP analysis are useful for choosing the correct strain for such an analysis. P. pacificus PS312 from California is the "wild-type" strain in which all mutagenesis analysis has been carried out (for review see Eizinger et al. 1999) . For the mapping of mutations, the strain with the highest number of polymorphisms with respect to the Californian strain should be used. As the divergency value is similar for the pairs California-Washington and California-Hawaii, both of these strains can be used to create a polymorphism map to the Californian "wild-type" strain. In C. elegans, similar divergence patterns have recently been obtained among some of the strains derived from wildisolates, and the molecular variation has been used to create an SNP map of the C. elegans genome (Koch et al. 2000) .
CONCLUSION
The present work on the molecular and developmental characterization of laboratory strains of Pristionchus lays a foundation for a microevolutionary analysis of developmental processes. Such studies will be necessary to reveal how molecular variation is introduced into developmental systems and how such variations contribute to phenotypic novelty. Currently, such studies are limited to a small number of model systems, like insect bristle patterning (Simpson et al. 1999) , drosophilid morphology (Gibson and Hogness 1996; Sucena and Stern 2000) , the evolution of larval forms in congeneric species of sea urchins and ascidians (Raff et al. 1999; Swalla and Jeffery 1996) , axial variation in sticklebacks (Ahn and Gibson 1999) , or the evolution of maize from teosinte (White and Doebley 1998) . Nematodes, in particular of the Pristionchus genus, might provide another system for microevolutionary analysis. In particular, a comparison among various Pristionchus strains might help to elucidate how redundant developmental mechanisms evolve. A more detailed molecular comparison can concentrate on P. maupasi RS104, P. pacificus PS312, and P. pacificus RS106, which might help to identify the key innovations responsible for the evolution of new redundant patterning mechanisms observed in P. pacificus PS312.
